The development of materials with biomimetic mechanical and biological properties is of great interest for regenerative medicine applications. In particular, hydrogels are a promising class of biomaterials due to their high water content, which mimics that of natural tissues. We have synthesized a hydrophilic biodegradable polymer, designated poly(glucose malate)methacrylate (PGMma), which is composed of glucose and malic acid, commonly found in the human metabolic system. This polymer is made photocrosslinkable by the incorporation of methacrylate groups. The resulting properties of the hydrogels can be tuned by altering the reacting ratio of the starting materials, the degree of methacrylation, and the polymer concentration of the resultant hydrogel. Hydrogels exhibited compressive moduli ranging from 1.8 ± 0.4 kPa to 172.7 ± 36 kPa with compressive strain at failure from 37.5 ± 0.9% to 61.2 ± 1.1%, and hydration by mass ranging from 18.7 ± 0.5% to 114.1 ± 1.3%. PGMma hydrogels also showed a broad range of degradation rates and were cell-adhesive, enabling the spreading of adherent cells. Overall, this work introduces a class of cell-adhesive, mechanically tunable and biodegradable glucose-based hydrogels that may be useful for various tissue engineering and cell culture applications.
Introduction
Synthetic biodegradable polymers are of great interest for various biomedical applications such as drug delivery and tissue engineering [1] . For many biomedical applications, it is desirable to control the mechanical and biological properties of these materials [2] . Previously, various synthetic biodegradable polymers have been made to improve the properties of biomaterials for various applications [3] [4] [5] [6] [7] [8] [9] [10] . However, these polymers are generally hydrophobic, greatly limiting the ability to encapsulate cells into the construct. Hydrogels, a class of biomaterials formed from hydrophilic polymers, are attractive for many reasons, such as their biocompatibility and the fact that they contain similar water content and mechanical properties as natural tissues [11] [12] [13] . In particular, hydrogels from photocrosslinkable polymers can be injected into the body, encapsulate cells uniformly, and enable temporal and spatial control in the fabrication of complex structures [11, 12, [14] [15] [16] .
Over the years, a number of synthetic hydrogels have been developed for biomedical applications. Poly(2-hydroxyethyl methacrylate) (PHEMA), poly(N-isopropylacrylamide) (PNIPAAm), poly (vinyl alcohol) (PVA) and their derivatives are vinyl monomer based synthetic polymers that have been studied for applications such as contact lenses, drug delivery, and tissue engineering [17] [18] [19] [20] [21] [22] [23] . However, these hydrogels are non-degradable and their vinyl monomers and crosslinking molecules may be toxic [11] . Poly(ethylene glycol) (PEG) is one of the most studied hydrophilic biomaterials and has been approved by the FDA for certain applications. While PEG hydrogels are inert and exhibit low toxicity, they are not biodegradable. To render PEG biodegradable, several methods have been developed, such as co-polymerization of PEG with biodegradable poly(a-hydroxy esters), such as poly(lactic acid) (PLA) and poly(glycolic acid) (PGA), or with peptides that are enzymatically degradable [24] [25] [26] [27] . Recently, a new hydrophilic biodegradable polymer, poly(xylitol citrate)methacrylate (PXCma), was synthesized from non-toxic starting monomers: xylitol and citric acid [9] . While PEG-based hydrogels include PEG macromers in their degradation products, PXCma hydrogels completely degrade into the original monomers, xylitol and citric acid, which are endogenous to the human metabolic system. However, despite its merits, PXCma was mechanically weak and not cell-adherent.
In this study, we synthesized a hydrophilic biodegradable polymer, designated poly(glucose malate)methacrylate (PGMma), which can form hydrogels that degrade into the starting monomers, glucose and malic acid. Glucose is a metabolic intermediate, which is commonly available, inexpensive and could potentially be used as an energy resource by cells when released through degradation of the polymer. Malic acid is non-toxic, an ingredient in many foods and its anion is an intermediate in the citric acid cycle [28] . The polymer form, poly(malic acid), has been demonstrated in various biomedical applications [29, 30] . As in previous reports on using polycondensation reactions with multifunctional monomer(s) to synthesize biodegradable elastomers or hydrogels, we used two hydrophilic, multifunctional monomers, glucose and malic acid, to form a randomly branched, hydrophilic, and hydrolyzable polyester, poly(glucose malate) (PGM) by polycondensation [3, 4, 9, 10] . After the polycondensation reaction, the remaining unreacted hydroxyl groups enabled further functionalization. To render the PGM photocrosslinkable, we functionalized the free hydroxyl groups of PGM with methacrylate groups by reacting PGM with methacrylic anhydride, as previously described for the methacrylation of hyaluronic acid [31, 32] . Finally, we used the resulting photocrosslinkable PGMma to fabricate hydrogels through a light-initiated crosslinking process. We characterized the properties of the resulting hydrogel as a function of the stoichiometric ratio of the starting monomers, the degree of methacrylation, and polymer concentration. Furthermore, cell-adhesion tests showed that PGMma is cell-adhesive. Given its broad range of properties, PGMma may be useful for various tissue engineering applications or as a material in cell culture.
Materials and methods

Synthesis of PGMma polymers
All chemicals were obtained from Sigma-Aldrich. PGMma was synthesized as follows ( Fig. 1) . Two batches of PGMs with varying molar ratios of starting materials were synthesized. D-(+)-glucose and DL-malic acid were mixed in a round bottom flask with molar ratio of 1:1 for PGM1:1 and 1:2 for PGM1:2. They were heated and stirred under argon gas to 135°C. Under these conditions, malic acid melted and dissolved the glucose in the mixture. After the glucose dissolved completely, vacuum was applied for 5 min and the resulting viscous intermediate material was cured at 90°C for 2 days inside a vacuum oven. The resulting mixture was dissolved in distilled water, dialyzed by a membrane with molecular weight cutoff of 6-8 kD, and lyophilized. PGM macromers were methacrylated as previously described [32] . Briefly, methacrylic anhydride was reacted with PGM in distilled water on ice for 24 h. The pH of the solution was kept at 8 with 5 N NaOH. The solution was then dialyzed (MW cutoff 6-8 kDa) for 48 h, and lyophilized to yield PGMma. To modify the degree of methacrylation (DM), we added varying amounts of methacrylic anhydride (i.e. 1 ml, 2 ml, and 4 ml per 1 g of PGM).
Characterization of PGMma polymers
1 H NMR spectra of PGM and PGMma polymers were obtained in D 2 O on a Varian 300 NMR spectrometer. The chemical composition of the polymers was calculated by the signal integrals of glucose, malic acid and methacrylate groups. The molar ratio of glucose and malic acid in the polymers were calculated using the peaks at 3.2-4.5 ppm from glucose compared with peaks at 2.7-3.2 ppm from malic acid. DM was calculated by the peaks at 1.8-2.0 ppm from methacrylate groups and the peaks from malic acid. DM was defined as the number of methacrylate groups divided by the number of free hydroxyl groups prior to the methacrylation reaction. Since one hydroxyl group is always removed whenever either a glucose or malic acid monomer becomes attached to the PGM polymer, regardless of the location, the total number of free hydroxyl groups in the resulting PGM polymer will not vary based on the degree of branching. Therefore, the number of hydroxyl groups was counted as the number of glucose monomers multiplied by 3 plus the number of malic acid monomers because, regardless of how the polymer is branched, the number of hydroxyl groups in the resulting PGM structure will be the same as the simplified case where each glucose monomer has three remaining hydroxyl groups and each malic acid monomer has one remaining hydroxyl group. FT-IR analysis was performed on a Bruker Alpha FT-IR spectrometer. Molecular weight distribution was determined by gel permeation chromatography (GPC, Viscotek TDAmax) using PEG standard, 0.05 M NaNO 3 aqueous solution as eluentia and a 3Â Viscotek GPMWxL column with triple detection (refractive index, light scattering, and viscometer detector). By combining the data set obtained from three kinds of detectors, the absolute molecular weight was calculated with high accuracy independent of the degree of branching. Densities of polymers were measured with an Ultrapycnometer 1000 (Quantacrome Instruments).
Photopolymerization
PGMma polymer solutions were prepared by dissolving PGMma polymers at three different concentrations (10, 15, 20 wt.%) in phosphate buffered saline (PBS) containing 0.05 wt.% photoinitiator (Irgacure 2959). They were subsequently molded into disks ($8 mm diameter, $1 mm thickness) and cured by exposure to light (320-500 nm, $4 mW cm À2 for 10 min) (EXFO OmniCure S2000).
Hydrogel characterization
Sol content was determined by measuring the difference in mass of dried sample before (m i ) and after (m f ) immersion in distilled water with agitation for 1 h. It was calculated as: Crosslink density (n = q/M c ) and molecular weight between crosslinks (M c ) were calculated by the following equation for hydrogels [12] :
where s is the compression modulus of the hydrogel, R is the universal gas constant, T is temperature, q is the mass density, v s is the polymer volume fraction in the swollen state, v r is the polymer volume fraction in the relaxed state, and a is the elongation ratio, which is related to the polymer volume fraction in the swollen state for isotropically swollen hydrogel:
Compression analysis of PGMma hydrogels was performed on an Instron 5542 mechanical tester. Hydrogel disks were prepared as described above and allowed to equilibrate in PBS for 24 h and then were compressed on the tester until failure at a rate of 0.2 mm min To analyze the degradation rate of the hydrogels, disks were fabricated as described above and incubated in PBS at 37°C on an orbital shaker. PBS was replaced every 48 h. At each time point, samples were removed, lyophilized and weighed. Mass remaining was calculated by dried mass at each time point (m t ) compared to initial dried mass (m 0 ) using the following equation:
When the hydrogel dissociated completely, we plotted this point as zero mass remaining. Thus the final time point signified in the degradation plot ( Fig. 5 ) occurred somewhat sooner than the true point at which mass would be actually zero.
Cell culture
NIH 3T3 fibroblasts were cultured in high glucose Dulbecco's Modified Eagle Medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 100 U ml À1 penicillin (Invitrogen), and 100 lg ml À1 streptomycin (Invitrogen) in a 5% CO 2 atmosphere at 37°C. Cells were passaged approximately two times per week and media was exchanged every 2 days.
Cell adhesion and proliferation on PGMma hydrogels
Square hydrogel pieces (1 cm Â 1 cm Â 300 lm) were made by crosslinking 15% (w/v) PGMma polymer in PBS, which was previously filtered through a 0.2 lm filter for sterilization, on 3-(trimethoxysilyl)propyl methacrylate coated glass slides to prevent the gels from detaching from the glass slide in growth media. After soaking the gels in growth media for 6 h, they were put in 4-well plates and each well of the plates was filled with 4 ml of cell suspension containing 5 Â 10 5 cells ml
À1
. These plates were then incubated at 37°C and the hydrogel surfaces were imaged at days 1, 2 and 3. To assess viability, cells were stained with live/dead viability kit (Invitrogen) and visualized under a fluorescent microscope. Confluence of the cells on the hydrogel films was determined by analyzing fluorescent images by using ImageJ software. Three formulations of PGMma -PGMma1:1 medium DM, PGMma1:1 high DM, and PGMma1:2 medium DM -were tested with poly(ethylene glycol) diacrylate 4000 (PEGDA4000, molecular weight: 4000) for comparison. In addition, to test the addition of gelatin for enhancing biological properties of the gels, hydrogels were made by mixing gelatin methacrylamide (GelMA) with PGMma1:2 medium DM (15% PGMma1:2 medium DM + 1% Gel-MA). Since gelatin is processed from collagen, it contains similar bioactive features as collagen [33] . GelMA was prepared according to a method previously described [34] . To better show the cell morphology, cells cultured on PEGDA4000 and PGMma1:1 medium DM were fixed and stained with Alexa Fluor 594-labelled phalloidin (Invitrogen) and DAPI to visualize F-actin filaments and cell nuclei respectively. Total cell number was quantified by counting DAPI stained nuclei.
Statistical analysis
All data are expressed as mean ± standard deviation. Statistical significance was measured by performing one-way or two-way ANOVA where appropriate (GraphPad Prism 5.02, GraphPad Software). Tukey's multiple comparison test and Bonferroni test were used with one-way and two-way ANOVA each to determine significance between specific treatments. Differences were taken to be significant for P < 0.05.
Results
PGMma polymer synthesis and characterization
To generate a hydrogel, we first synthesized the PGM polymer through bulk polycondensation reaction of D-(+)-glucose and DLmalic acid. Since every hydroxyl group of glucose and malic acid can react, the PGM polymer is randomly branched rather than linear ( Fig. 1 (3) ). Two stoichiometric ratios of glucose to malic acid were made: PGM1:1 and PGM1:2. (Table 1) as determined by the signal integral of glucose and malic acid. These chemical compositions were similar to the molar ratio of the starting materials. An FT-IR spectrum of PGM (Fig. 2C) confirmed ester bond formation with a peak at 1732 cm
À1
. A broad band centered at 3388 cm À1 was also detectable, most likely due to hydrogen bonded hydroxyl groups, while a small band centered at 2934 cm À1 was detectable due to sp 3 -hybridized C-H bonds. The number average molecular weight (M n ), weight average molecular weight (M w ), and polydispersity index (PDI) determined by GPC with three types of detectors (refractive index, light scattering, and viscometer detector) are summarized in Table 1 . Following polymerization of PGM, methacrylation was performed as described above to obtain PGMma. To achieve differences in DM, we systematically varied the amount of methacrylic anhydride added to the reaction. The amount of methacrylic anhydride added and DM of each PGMma polymer determined by 1 H NMR spectra (representative image in Fig. 2B ) are summarized in Table 2 . Low (16%), medium (28%), and high (44%) DM were obtained for PGMma1:1, and low (23%) and medium (28%) DM were obtained for PGMma1:2. A representative FT-IR spectrum of PGMma also confirmed methacrylation with a peak due to vinyl groups at 1596 cm À1 . Average molecular weight and distribution determined using GPC and density measured with a pycnometer are summarized in Table 2 .
Characterization of PGMma hydrogels
Physical properties were measured to characterize the resulting PGMma hydrogels. To measure the amount of the soluble fraction, including microgels that could diffuse out of the gel following crosslinking, the sol content of 15% (w/v) hydrogel of all formulations of PGMma polymers and PEGDA4000 was determined as described above. For PGMma1:1 medium DM, the sol content of 10% and 20% (w/v) hydrogels was measured as well. As seen in Fig. 3A , as DM increased, sol content decreased. PGMma1:1 low DM exhibited the highest sol content, 29.6 ± 0.5%, while PGMma1:1 high DM exhibited the lowest sol content, 5.8 ± 1.1%. Sol content of the lowest DM hydrogel (PGMma1:1 low DM) was similar (P > 0.05) to that of PEGDA4000. However, the polymer concentration in the hydrogel did not affect the sol content. The difference in sol content for different polymer concentrations in the hydrogel was not significant (P > 0.05) (Fig. 3B) . Hydration by mass of sol-free PGMma hydrogels is summarized in Fig. 3C and D. Hydration was also measured for 15% (w/v) hydrogel of every formulation of PGMma, in addition to 10% and 20% (w/v) for PGMma1:1 medium DM. As expected, as DM increased, hydration decreased. Among all the formulations, PGMma1:1 low DM exhibited the highest hydration, 114.1 ± 1.3%, while PGMma1:1 high DM exhibited the lowest hydration, 18.7 ± 0.5%. With respect to the concentration, the 10% hydrogel exhibited higher hydration than the other two concentrations; however, the difference between 15% and 20% hydrogels was not significant (P > 0.05).
To characterize the mechanical properties of PGMma hydrogels, compression analysis was performed using unconfined, uniaxial compression. Fig. 4A shows representative stress-strain curves of PGMma1:1 15% hydrogels with varying DM (low, medium, high), while panel B shows representative stress-strain curves of PGMma1:1 medium DM hydrogel with varying polymer concentrations (10%, 15%, 20% (w/v)). Compressive modulus and compressive strain at failure of all formulations of PGMma hydrogels measured are shown in Fig. 4C and D together with those of 15% polymer concentration PEGDA4000 hydrogel for comparison. For both PGMma1:1 and PGMma1:2 with low DM, hydrogels could not be made from 10% polymer solution. Overall, the compressive modulus increased as DM increased or polymer concentration increased. For example, 15% hydrogels of PGMma1:2 low DM exhibited a compressive modulus of 1.8 ± 0.4 kPa, while 20% hydrogels of PGMma1:2 medium DM exhibited a modulus of 172.7 ± 36 kPa. The compressive modulus of both PGMma1:1 high DM and PGMma1:2 medium DM was comparable to that of PEGDA4000. The compressive strain at failure generally decreased as DM increased or polymer concentration increased. However, the difference was not as great as that seen with the compressive modulus. For example, the compressive strain at failure of 15% PGMma1:1 high DM was not significantly different from that of the 20% hydrogel of the same polymer (P > 0.05). The compressive strain at failure of PGMma hydrogels ranged from 37.5 ± 0.9% to 61.2 ± 1.1%, which shows PGMma was not as compressible as PEGDA4000, which exhibited compressive strain at failure values ranging from 65.7 ± 6.7% to 79.6 ± 1.6%. Table 2 The amount of methacrylic anhydride added to PGM, the resulting DM of PGMma polymers, and physical properties of PGMma polymers and hydrogels. Crosslink density and molecular weight between crosslinks were calculated for 15% hydrogels. 
In vitro degradation of PGMma hydrogels
PGMma hydrogels were hydrolytically degradable in PBS (Fig. 5) . As shown in Fig. 5A , PGMma polymers exhibited a broad range of degradation rates. For example, hydrogels with a low DM dissociated in 3 days, whereas those with high DM showed a much slower degradation rate (at least 80 days). The degradation rates of PGMma1:1 medium DM hydrogels with varying polymer concentrations (10%, 15%, 20% (w/v)) are shown in Fig. 5B . Interestingly, the initial degradation rates were similar for all concentrations; however, at a critical point, the hydrogels dissociated abruptly. This critical time occurred sooner for hydrogels with lower polymer concentrations. For example, 10% hydrogels dissociated by day 14, while 15% hydrogels dissociated by day 43, and 20% hydrogels did not dissociate throughout the 80-day study.
Cell adhesion and proliferation on PGMma hydrogels
To determine the adhesivity of the PGMma hydrogels, the initial attachment and subsequent proliferation of 3T3-fibroblasts on three formulations of PGMma hydrogels were compared to PEG-DA4000 (Fig. 6) . Consistent with previously published reports, cells did not significantly adhere to PEGDA4000 [35, 36] . Interestingly however, cells readily attached to and spread on all PGMma hydrogels. The levels of initial cell attachment as measured by the extent of confluence at day 1 were similar for all glucose-based hydrogels tested (P > 0.05). To analyze cell proliferation, cell-seeded hydrogels were cultured for 3 days. We observed that after 2 days, cells proliferated on all PGMma hydrogels and there was no significant difference in the level of confluence among PGMma hydrogels. However, after 3 days, differences in proliferation were seen among PGMma hydrogels. At this time, the confluence on PGMma1:1 medium DM was the highest while that on PGMma1:2 medium DM was the lowest (P < 0.05) among the three formulations of PGMma. To assess the effect of the addition of GelMA on enhancing biological properties of PGMma hydrogels, the same tests were performed on GelMA-added PGMma1:2 medium DM and the data were compared with that of pure PGMma1:2 medium DM. In these studies, the extent of cell attachment at day 1 and the confluence at day 2 were not significantly different. However at day 3, GelMA-added PGMma1:2 medium DM exhibited significantly higher confluence than the same hydrogels without GelMA (P < 0.05). To better demonstrate cell morphology and changes in the total cell number over time, we stained the cells cultured on PEGDA4000 and PGMma1:1 medium DM for F-actin (phalloidin) and cell nuclei (DAPI). The cells on PGMma1:1 medium DM hydro- gels clearly exhibited spread morphology, and the cell density increased significantly by day 3 (p < 0.05).
Discussion
The melting point of D-(+)-glucose and DL-malic acid are 150-152°C and 131-133°C, respectively. Once the glucose begins to melt at temperatures above 150°C, it starts to caramelize by a browning reaction due to oxidation. Therefore, the first polycondensation step to synthesize PGM, which involves heating and curing, was done at 135°C and 90°C to minimize this effect. To do this, glucose was dissolved into liquid malic acid, instead of melting the glucose and malic acid mixture above 150°C. Despite this reduced reaction temperature, glucose and malic acid reacted thoroughly to yield a polyester material, PGM, which was confirmed by GPC, FT-IR and 1 H NMR analysis. Furthermore, the chemical composition of PGM, as determined by 1 H NMR, correlated well to the initial molar ratios of glucose and malic acid. Even though the multiple hydroxyl groups in glucose and one in malic acid make PGM polymers structurally heterogeneous, the remaining unreacted hydroxyl groups following polycondensation enable PGM to be water-soluble, which is one of the critical reasons that glucose was chosen as a starting material. Glucose can exist either in the ring form with no aldehyde groups, or in the open-chain form containing an aldehyde group [37] . Since the 1 H NMR spectrum of PGM does not contain a peak indicative of the aldehyde groups, we conclude that the majority of the glucose in PGM remained in the ring form.
There were differences in the reaction characteristics for methacrylation of the different PGM polymers. For example, it was more difficult to methacrylate PGM1:2 than it was for PGM1:1 (Table 2) . When 2 ml of methacrylic anhydride per 1 g of PGM was added, the DM of PGMma1:1 was 28%, whereas the DM of PGMma1:2 was 23%. By doubling the amount of methacrylic anhydride, the DM of PGMma1:1 was increased to 44%, whereas the DM was only increased to 28% for PGMma1:2. This is likely due to the presence of more unreacted hydroxyl groups which are available for methacrylation in PGMma1:1 as compared to the PGMma1:2 polymers. Another possible explanation is that PGM1:2 is more branched than PGM1:1 so methacrylate groups could not access the free hydroxyl groups in PGM1:2 as easily as is possible in PGM1:1. It appeared from Table 1 and 2 that methacrylation resulted in a decrease in both the molecular weight and PDI, and as DM increased, the molecular weight decreased. The ester bonds of PGM can be hydrolyzed in aqueous solution, particularly faster in either acidic or basic conditions. Since the methacrylation is done in a weak basic aqueous solution, some hydrolysis likely occurred to decrease the molecular weight of the resultant PGMma. If the molecular weight is larger, the chance of hydrolysis in the macromer is higher, and small macromers were removed by dialysis. These are likely to be the reasons that PDI decreased. The reason that as DM increased, molecular weight decreased is likely to be that increased methacrylic acid derived from methacrylic anhydride and sodium hydroxide, which was added to keep the pH constant, led to increased hydrolysis of ester bonds. In addition, more methacrylic anhydride remained after the 24 h reaction leading to some continued hydrolysis during the dialysis step.
The control or repeatability of the synthesis is important because if the structure, such as degree of branching, of the material varies, the properties of hydrogels are likely to be different. Therefore, tight adherence to the protocols would be required to avoid significant batch-to-batch variation. As the number of remaining hydroxyl groups after the polycondensation reaction does not vary according to the degree of branching, unless there is a big difference in the degree of branching and thus a big difference in the accessibility of the remaining hydroxyl groups, DM would not be much different from batch to batch and neither would be the mechanical properties of the hydrogels. If the methacrylation process were automated to input NaOH as needed according to the instantaneous pH, the material could be synthesized much more consistently for potential applications.
As expected, the sol content decreased as DM increased in PGMma hydrogels (Fig. 3A) . This is because as DM increases and crosslinking increases, the amount of soluble polymer chains remaining in the gel decreases. Interestingly, there was no significant change in sol content as a function of polymer concentration changes in the hydrogels (Fig. 3B) . This indicates that at least in this concentration range, the concentration increase does not result in more propagation of crosslinking in the hydrogels. A state of equilibrium hydration is reached in which two opposing driving forces of an elastic retractive force by polymer networks and a diluting force related to the enthalpy and entropy of mixing are balanced [38] . Although the PGMma1:2 polymer exhibited a narrower range of DM (23% (low) and 28% (medium)) compared to that of PGMma1:1 (16% (low), 28% (medium), 44% (high)), they displayed a comparable range of hydration by mass (Fig. 3C) to that of PGMma1:1. This could be explained by the difference in the hydrophilicity of glucose and malic acid, the accessibility to vinyl groups during crosslinking, and the network structure of PGMma1:1 and PGMma1:2. As shown in Fig. 3D , hydration did not decrease substantially when the polymer concentration increased from 15% to 20%. In this case, the concentration change did not lead to a significant change in the balance of the diluting force and the retractive force.
For potential tissue engineering applications, matching the mechanical properties of the polymer scaffold with those of the natural tissues is desirable [39] . The compressive modulus of PGMma hydrogels varied from 1.8 ± 0.4 kPa to 172.7 ± 36 kPa (Fig. 4) , which is in the range of moduli for many natural tissues. For example, human relaxed (6 kPa) and contracted smooth muscle (10 kPa), human carotid artery (84 ± 22 kPa), rat skeletal muscle (100 kPa), human spinal cord (89 kPa), mouse cardiac muscle , human thyroid (9 kPa), and guinea pig lung (5-6 kPa) have moduli in this range [39, 40] . As shown in Eq. (3), the molecular weight (M n ) of the polymer has a great influence on the resulting moduli of hydrogel. Thus, increasing the average molecular weight of PGMma could be a potential method to increase the stiffness of PGMma hydrogels. In addition, PGMma is a branched polymer before it forms a hydrogel, so the degree of entanglement in the polymer solution and in the hydrogel would be reduced. This could explain why PEGDA4000 hydrogels were as stiff as PGMma gels with a high DM. Thus, developing a synthesis method to make linear PGMma-like polymers could be useful in creating hydrogels with greater stiffness. Given the range of DM values obtained and the molecular weight between crosslinks (Table 2) calculated by using Eq. (3), it is likely that a major fraction of the acrylic moieties react with each other to make only local links so they do not greatly affect the modulus of the hydrogels. Only a minor fraction of the acrylic moieties are being reticulated.
Within the PGMma hydrogels, ester bonds can undergo hydrolysis to induce bulk degradation, where the material degrades throughout its entire volume at the same time [41] . PGMma gels degraded more quickly than hydrophobic polyester biopolymers, many of which undergo surface-erosion degradation, where degradation occurs only at the surface [4, 9, 10] . As expected, the DM, which is related to the crosslinking density, was responsible for altering the degradation rate, so as the DM increased, the degradation rate decreased. However, the effect of polymer concentration on the degradation rate behaved differently. Until the point at which hydrogels dissociated, hydrogels of different polymer concentrations displayed similar degradation rates. The time at which hydrogels dissociated completely came earlier for hydrogels at lower polymer concentrations. This indicates that the crosslinking density did not vary significantly with the concentration change.
However, there is an absolute quantity of polymer that is necessary to preserve hydrogel shape, causing a decrease in time for lower concentration hydrogels to dissociate completely due to bulk degradation. These degradation data were obtained without washing the gels with distilled water before freeze-drying because at times the gels were too fragile to withstand washing. Thus, salts in the PBS may have contributed somewhat to the dry weight of the gels, causing the remaining mass to be slightly overestimated. However, although the absolute value of actual remaining mass could be slightly different from the presented data, the trend of lower DM PGMma degrading faster than higher DM PGMma will be preserved. In the case of different concentrations in Fig. 5B , since the hydration by mass of 15% and 20% gels is similar, the trend of these two having similar degradation rates until the point of dissociation is not likely to change. In addition, the time needed for dissociation is not affected by the effect of salts.
Since PGMma is hydrophilic and does not contain known celladhesive motifs, we anticipated that cells would not attach onto PGMma hydrogels. However, we found that after soaking the gels in cell culture media for 6 h, PGMma gels were cell-adhesive (Fig. 6 ). These hydrogels displayed significantly greater cell attachment as compared to PEGDA4000, which was treated in the same manner. This may be due to adsorption of a layer of adhesive proteins from the serum onto PGMma hydrogels; however, this was not confirmed. This protein adsorption is possible because PGMma has a greater quantity of hydrophobic methacrylate groups than PEGDA, which only has acrylate groups at the ends of each PEG molecule. In addition, by comparing PGMma1:2 medium DM with and without co-polymerized GelMA, we concluded that GelMA appeared to improve cell proliferation on the PGMma hydrogel surface. Through simple mixing of GelMA with PGMma, the biological properties of PGMma hydrogels could be easily tuned. This demonstrates that it is possible to improve the biological properties of PGMma hydrogels through incorporation of bioactive materials such as RGD motifs. Since the amount of GelMA mixed into hydrogels was small (1%) compared to that of PGMma (15%), and GelMA hydrogels are less stiff than PGMma hydrogels [42] , the inclusion of GelMA into PGMma hydrogels is not likely to greatly affect the resultant mechanical properties of the composite hydrogel. However, if greater quantities of GelMA were used, this would have to be considered.
PGMma hydrogels degrade into glucose, malic acid, and a group of molecules derived from reacted methacrylate groups. Glucose could be used as an energy source for cells, and this is likely to be useful in tissue engineering applications although the overall scaffold size should be carefully considered to avoid unsafe glucose levels in certain patients, such as those with diabetes. However, high concentrations of malic acid released from the gels could be harmful to cells due to its acidity if the hydrogels degrade rapidly. Thus, addition of other materials to offset the acidity of the malic acid, or use of slow degrading formulations, could be useful. In addition, as shown in the 1 H NMR spectrum of PGMma (Fig. 2B) , the ratio of the amount of methacrylate groups in PGMma is large as compared to other methacrylated natural polymers for biomedical applications [31, [43] [44] [45] . Since the potential effect of the molecules derived from methacrylate groups are not well characterized, it is desirable to decrease the needed quantity of methacrylate groups to be able to form hydrogels. This could be achieved by synthesizing polymers with higher molecular weight. Alternatively, chemical modification of the PGM polymer to produce other degradation products could also render PGM applicable to wider range of biomedical applications.
Conclusions
In this study, we synthesized a hydrophilic, biodegradable polymer, PGMma, from biologically relevant molecules, glucose and malic acid, without the need for organic solvents. This polymer is photocrosslinkable by the incorporation of methacrylate groups that initiate the crosslinking of polymer chains upon exposure to light. We demonstrated that by altering the chemical composition, the degree of methacrylation, and the polymer concentration in the hydrogels, the properties of PGMma polymers and hydrogels could be tuned. PGMma hydrogels were degradable and cell-adhesive. Given their wide range of properties, PGMma hydrogels could be potentially useful for a number of biomedical applications such as scaffolds for tissue engineering or tissue culture.
